The electrochemical behaviour of Zn(II) ion as example of C rev E irr system was studied at hanging mercury drop electrode in aqueous solution in the presence of 1M KCl using cyclic voltammetry and convolutive voltammetry methods. Digital simulation technique was used to test the chemical and electrochemical parameters of Zn(II) ion estimated experimentally as well as verifying the proposed electrode mechanism.
introduction
The electroreduction of Zn(II) has been extensively studied in aqueous and non-aqueous solutions and found to be controlled by both diffusion and charge transfer. [1] [2] [3] [4] [5] [6] At mercury electrode different mechanisms have been proposed for electrode reduction of metal cations, e.g., a simple electron transfer process 7, 8 , stepwise electron transfer 9 , a CE or CEE mechanism. 10, 11 Several literature reports a possible validity of a mechanism involving two one-electron transfer has been discussed. [12] [13] [14] The electroreduction of Zn from NaClO 4 solutions at a mercury electrode in the presence of tert-butanol is supposed to involve two consecutive one-electron transfer steps in the overall reaction. 6 The kinetics of the electroreduction of zinc cations in non-aqueous solvents such as DMF 15 , DMSO 16 and acetone 17 were found to proceed as simple and two step processes.
Zinc is an essential element in the nutrition of animals and human. It acts as a cofactor in numerous enzymes and plays an important role in protein synthesis and cell division. It exerts a crucial influence on the maintenance of cell membrane stability and in the function of immune system. It also constitutes an active ingredient in medical products intended for topical application. Zinc salts are used in ophthalmic solutions, in lotions intended for treatment of chronic skin diseases and incorporated as astringents in various solutions. 18 They range from impaired neuropsychological functions and wound healing to growth retardation, immune disorders and dermatitis. It is therefore, important to monitor the concentration of zinc and its salts in both biological materials and pharmaceutical formulations. 19 Literature surveys of Zn(II) revealed the lack of convolutive voltammetry and digital simulation studies. In the present work, we have attempted to show how convolutive voltammetry and digital simulation method can be used to investigate the electroreduction mechanism of Zn (II) ion as an example of C rev E irr system in aqueous solution at hanging mercury drop electrode and also to evaluate the chemical and electrochemical parameters of the electrode process via new, simple and accurate method.
ExpErimEntal
Zinc sulphate (Merk, analytical grade) was used without further purification. Triple distilled water was used as solvent. The supporting electrolyte, potassium chloride, was analytical grade and was used as supplied (Fluka, analytical grade). Solutions of Zn (II) (1 x 10 -4 M) in triple distilled water, containing 1 M KCl as background electrolyte were selected. Working solutions were deoxygenated thoroughly with oxygen free nitrogen and a nitrogen atmosphere was maintained above the solution throughout the course of any experiment. The temperature was 298 K .
Cyclic voltammetry and convoluted -deconvoluted voltammograms were performed on polarographic Analyzer Model 264 A (EG & G, PAR) and the electrode assembly Model 303A, with a hanging mercury drop electrode (area = 2.61x 10 -2 cm 2 ) as a working electrode, Ag/AgCl as a reference and Pt wire as a counter electrode. Digital simulation of the data for cyclic voltammetric experiments was carried out on an IBM computer via EG & G Condesim package. The voltammetric data were stored in a magnetic floppy disk via a fast data-capture system through the interface which connects the computer with potentiostat. Cyclic voltammograms were recorded after background subtraction and iR compensation to minimize double-layer charging current and solution resistance. Cyclic voltammetric data were studied at scan rates ranging from 0.05 to 5 Vs Figure 1A shows a cyclic voltammogram of Zn (II) ion recorded at v = 0.05 Vs -1 and T = 298 K on a hanging mercury drop electrode in 1 M KCl solution. There are reduction and oxidation peaks in agreement with the slow nature of electron transfer process. From the voltammograms it can be seen that, there is a difference between E 1/2 and E pc in the range of 142 -527 ± 2 mV at various scan rates, i.e. a value much different than the 14 mV expected for a simple reversible two -electron process. 20 Figure 1B shows the effect of sweep rate on the variation of E 1/2 -E pc values and on the peak potential separations of the some recorded cyclic voltammograms. This behaviour indicates that, the values of (E pc -E pa ) and (E pc -E pc/2 ) for Zn(II) / Zn(Hg) system deviate largely from 29.5 mV as estimated for a simple reversible two-electron system which can be attributed to the slow charge transfer process associated with amalgam formation process. In slow charge transfer process the standard heterogeneous rate constant, k s , was calculated according to the following equation:
rEsults and discussion cyclic voltammetry
The diffusion coefficient, D, of the Zn(II) ion was calculated according to the method established by Nicholson and Shain. 22 The half-wave potential (E 1/2 ) of the investigated system was determined from the voltammogram as the mean positions of the peak potentials , ie. (E pc + E pa )/2. The calculated values of k s , D and E 1/2 are given in Table 1 . The value of the transfer coefficient, α, for the cathodic reduction of the Zn(II) ion, calculated from the relationship 23 (E pc -E pc/2 ) = 48/αn a , was reported in Table 1 . 28, 29 For quasi-reversible and slow charge transfer there is a separation between the forward and backward direction of the I 1 convolution, whereas in the case of a chemical reaction following the charge transfer, i.e. EC mechanism, the backward direction of I 1 convolution does not return to the initial value. 30 On the other hand, in case of a reversible chemical reaction preceeding charge transfer, i.e. CE mechanism, the limiting convoluting current I lim does not produce the plateau value at low scan rate, Fig It was found that, the values of cathodic peak potential, E pc shift towards more cathodic values, with increasing the sweep rate, also, the peak separation (ΔE p ) values increase with increasing the sweep rate. It was noted that, the values of ipf/v 1/2 decrease as v increase , and i pb /i pf increase with v and is always greater than unity confirmig the CE behaviour of the electrode reaction of Zn (II) ion 23 .
convolutive voltammetry
It was found that convolution-deconvolution voltammograms was used as a valuable and simple tool for elucidation the complicated electrode mechanism as well as the determination of the accurate electrochemical parameters. [24] [25] [26] [27] The shape of the I 1 -E curve exhibit important feature for the identification of the nature of the electrode process. For a simple rapid charge transfer, the shape of The convolution of the current data with an inverse square root of time, I 1 is defined as: [24] [25] [26] [27] [28] [29] [30] ( 2) where I 1 is the convoluted current at the total elapsed time and i(u) is the experimental current at time u.
For the following CE scheme in term of an electrochemical reduction mechanism figure 1B figure 2a figure 2B the limit of I 1 as E approaches infinity at high scan rate is known as the limiting convoluting current (I lim ) and is defined as:
where n is the number of electrons consumed in electrode reaction, F is the Faraday constant, S is the electrode surface area and the remaining terms have their usual definitions. This relation is quite useful for the evaluation of the diffusion coefficient of the electroactive species via Cy b and vice -versa, irrespective of the rate of charge transfer. Value of the diffusion coefficient estimated via Eq. (4) is listed in Table 1 .
In the present work we will use the kinetic convolution, I 2 , for calculating the homogeneous chemical rate constant ,kc , equilibrium constant , K, and half-wave potential, E 1/2 , of CE system which is defined as: The kinetic convolution, I 2 , is similar to the semiintegral except that the current data are not convolved with just a different term (i.e., 1/√t) but also a kinetic expression (i.e., exp(-k c t). The kinetic convolution, I 2 , is a function with a value proportional to the concentration of species Y at the electrode (i.e.,
Cy(0,t).
Deconvoluted voltammogram (dI 1 /dt vs. E) is used as a precise method for calculating E 1/2 by using transformation of the current rather than the actual current values. [30] [31] [32] In the case of fast charge transfer, dI 1 
/dt gives two mirror -image peaks with maximum amplitude at E 1/2 and half-width of (2RT/ nF) ln ((√2 + 1))(√2 -1)) mV, i.e 3.526 RT/nF i.e 90.53/ n mV at 298 K.
In case of slow charge transfer, the average value of the forward and backward peak potentials equals approximately to E 1/2 . Fig.3 , was found to be in the range of 0.148 -0.296 V confirming the slow nature of electrode process. The variation of W P with scan rate was listed in Table 2 . It was proved that , for CE scheme, at the end of the first scan, i.e. well past the wave at low and high scan rates, K>> 1, i.e. 1+K ≈ K, and Eq. (7) give the following form: Fig.6 for experimental data of Zn(II) ion which proceeds as C rev E irr mechanism at scan rate 2 V/s. Also, at I 1 and I 2 values corresponding to E 1/2 value the following is verified:
where k f,h is the forward heterogeneous rate constant, ζ = nF/RT (E -E 1/2 ) is the 'reduced' potential, and the other terms have their usual definition. At potential well 'past' the wave, Eq. (6) takes the following form:
The true value of k c can be evaluated by inserting various values of test chemical rate constant until the I 2 convolution returns to the initial value similar to I 1 convolution. This means that , the k c value is established at the point when I 2 convolution is identical exactly to I 1 convolution. The establishment of the correct value of k c via I 2 convolution is illustrated in Fig.5 . 
The values of k c , K, I 1 (E 1/2 ) and I 2 (E 1/2 ) were listed in Table 3 , which confirm the accuracy as well as the simplicity of this method for calculation of the values of k c and K of the CE system at slow rate of charge transfer at potential corresponding to E 1/2 via Eq. (10). The value of E 1/2 (-1.11 V) calculated from the intersection point between (I 2 , I lim -I 1 vs E was found to agree well with that determined from cyclic voltammetry and deconvoluted voltammograms. In the present communication it was found that convolutive voltammetry was used as accurate method for determination of the rate of conversion of the electroinactive species (X) to electro-active species ( Y) . Also, the plot of I 1h and (dI 1 /dt) f / (dI 1 /dt) b vs v is considered as a simple and new route for knowing the type of electrode mechanism. Table 4 at various values of scan rate. The estimated value of D via Eq. (11) indicates the importance of this method for calculating the diffusion coefficient without performing a convolution procedure. digital simulation Digital simulation of data for cyclic voltammetric experiments was carried out via EG & G Condesim Package for determination of the accurate values of the electrochemical parameters. The direct method of the evaluation of the parameters was made by matching of the theoretical voltammograms on the experimental data, using the average experimentally determined parameters. Fig. 7 shows the good agreement between the experimental and generated voltammograms of the C rev E irr system at scan rate 0.05 Vs -1 confirming the accuracy of the determined electrochemical parameters figure 7: Voltammograms of Zn(II) ion -----: experimental, …….. simulated; sweep rate: 0.05 Vs-1, T = 298 K.
Determination of D and n

figure 6B
In this article the most accurate test for evaluating the type of electrode reaction for the reduction of Zn(II) was done by performing simulation with the following type of electrochemical reactions:
i-EE mechanism, where the potential difference between E 0 1 and E 0 2 produce a single wave, ii-E mechanism, where n is equal to 1 &2 iii-CE mechanism, where n is equal to 1 and iv-CE mechanism, where n is equal to 2. Figure 8 shows the comparison between the theoretical voltammograms of the three electrochemical reactions (types i -iii) vs the experimental cyclic voltammogram of Zn(II) ion at v 0.05 Vs -1 indicating large deviation between the selected three simulated types with the experimental Zn(II) ion and confirming the accuracy of the suggested mechanism of electroreduction of Zn(II) ion in aqueous solution at 298 K. Table 5 shows the measured values of peak characteristic of cyclic and convolutive voltammetry. It was found that, the theoretical peak characteristics of the type iv (CE mechanism) agrees well with the experimental peak characteristics which indicates that the electrochemical reaction of Zn(II) ion in aqueous solution containing 1M KCl at a mercury electrode proceeds as C rev E irr as follows: where the subscripts b and a denote to the bulk of the solution (inactive species) and the plane of the closest approaches (active species) respectively. 
